INTRODUCTION
During pregnancy, blood flow to the uterus is increased dramatically to meet the rising demands of the growing fetus. Endocrine control of this phenomenon is complex but includes, in part, the action of many growth factors [1, 2] . VEGF (vascular endothelial growth factor) in particular is known to promote angiogenesis and also can promote activation of eNOS (endothelial nitric oxide synthase) in uterine artery endothelium. This phenomenon is observed in endothelial cells isolated from the uterine vasculature in the non-pregnant state, but is also substantially increased in a form of programmed adaptation during pregnancy [3] .
Whereas pregnancy is characterized by dramatic increases in uterine blood flow, the state of pre-eclampsia is characterized by a noticeable lack or partial reversal of such adaptation, as well as a breakdown of the integrity of the vasculature at the maternalfetal interface [4] . While the clinical presentation of fully developed pre-eclampsia is undoubtedly the result of a number of sequential endocrine and metabolic failures, VEGF excess has been reported to originate from the placenta itself and can clearly contribute to the negative symptoms of increased vascular permeability and hypercoagulation [5] [6] [7] . So the dilemma that arises is that VEGF may be beneficial to, and a normal part of, pregnancy adaptation underlying increased uterine blood flow, but an excess may be a part of the origin of pre-eclampsia, or at least contribute to the decline in the clinical situation. Further studies have challenged this model. The role of VEGF itself has been challenged by the detection of sFlt (soluble Fms-related tyrosine kinase)-1, the soluble form of VEGFR (VEGF receptor)-1, and of abnormalities in circulating PlGF (placental growth factor) in diseased pregnancies [8] . Nonetheless, there are several technical issues regarding sample collection and assay of VEGF family peptides [9] that have not always been controlled for, and circulating sFlt-1 itself may affect both free-form levels of circulating VEGF family members and directly or indirectly affect expression of VEGFR isoforms [10, 11] . This shift in focus away from VEGF may therefore be misplaced, and due consideration should be given to the possibility that the detrimental actions of sFlt-1 on the uterine endothelium may in fact be due to its combined potential to create an imbalance of locally produced members of the VEGF family and the receptors that respond to them.
To fully evaluate possible rescue of dysfunctional endothelium based on control of uteroplacental VEGF and the function of its locally expressed receptors, we must first understand the basis of normal VEGF action that is beneficial to pregnancy. More specifically, we must establish which receptors and associated signalling pathways are mediating the beneficial effects of Abbreviations used: ERK, extracellular-signal-regulated kinase; eNOS, endothelial nitric oxide synthase; HRP, horseradish peroxidase; Hsp, heat-shock protein; HUVEC, human umbilical-vein endothelial cell; MEK, MAPK (mitogen-activated protein kinase)/ERK kinase; NP, non-pregnant; P, pregnant; PI3K, phosphoinositide 3-kinase; PLC, phospholipase C; PlGF, placental growth factor; sFlt, soluble Fms-related tyrosine kinase; UAEC, uterine artery endothelial cell; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor. 1 To whom correspondence should be addressed (email imbird@wisc.edu).
VEGF 165 and how they are enhanced in pregnancy. Such studies are relevant not only to our understanding of uterine blood flow, but also to the general field of VEGF-stimulated cell signalling mechanisms since, in contrast with findings in the widely studied HUVEC (human umbilical-vein endothelial cell) line [12, 13] or bovine aortic endothelial cell [10, 14] models, UAECs (uterine artery endothelial cells) achieve eNOS activation, in response to ATP [15] , and in the present paper VEGF 165 , independently of Akt activation. Our focus on VEGF also contrasts with the previously highly characterized response to ATP [15] [16] [17] [18] [19] [20] in the same cells or vessels, which is mediated through a heterotrimeric G-protein-coupled P2Y 2 receptor, coupled in turn to PLC (phospholipase C)-β3/Ca 2+ signalling and the MEK/ERK [where MEK is MAPK (mitogen-activated protein kinase)/ ERK (extracellular-signal-regulated) kinase] signalling pathway. The action of VEGF 165 , which signals in part through the intrinsic tyrosine kinase capability of its receptors, gives no consistent or substantial change in Ca 2+ but is still able to mediate activation of the MEK/ERK-1/2 pathway [16, 18] . In spite of these differences, both VEGF and ATP are capable of eNOS activation, which is further enhanced by pregnancy [16, 18] . From a cell-signalling standpoint alone, a comparison of the effects of VEGF with that previously described for ATP in this unique endothelial cell model is of interest. From a pregnancy standpoint, an understanding of the integration of the control of eNOS activation is also essential before any therapy can be considered for endothelial dysfunction.
EXPERIMENTAL

Materials
VEGF 165 and PlGF-1 were purchased from R&D Systems. Recombinant orf virus VEGF-E was purchased through AngioProteomie (Boston, MA, U.S.A.). Wortmannin and VEGFR tyrosine kinase inhibitor {4-[(4 -chloro-2 -fluoro)phenylamino]-6,7-dimethoxyquinazoline, a reasonably selective inhibitor of VEGFR-2 over VEGFR-1; IC 50 = 100 nM and 2 μM respectively} were purchased from EMD Chemicals (San Diego, CA, U.S.A.). LY294002 was purchased from Cell Signaling Technology. U0126 was purchased from Promega. All cell culture reagents were from Invitrogen, and all other chemicals were from Sigma, unless otherwise indicated.
Cell culture
Uterine arteries were obtained from mixed Western breed nonpregnant sheep and pregnant ewes at 120 -130 days of gestation during non-survival surgery, and UAECs were prepared by collagenase dispersion as described previously [16] . Cells were frozen at the end of passage 3 and stored in liquid nitrogen. Procedures for animal handling and protocols for experimental procedures were approved by the University of WisconsinMadison Research Animal Care Committees of both the School of Medicine and Public Health and the College of Agriculture and Life Sciences and followed the recommended American Veterinary Medicine Association guidelines for humane treatment and euthanasia of laboratory farm animals.
eNOS activation assay
The activity of eNOS was determined by incubation of cells with or without agonist (10 min) in the presence of [ 3 H]arginine, followed by extraction and application of samples to AG 50W-X8 cation-exchange resin (Na + form; Bio-Rad Laboratories) as described previously [15, 21] .
Western blot analysis
Treatment of cells on 60-mm-diameter dishes and subsequent Western blotting of extracted proteins were as described previously [15] [16] [17] . Analysis of VEGFR-1 and VEGFR-2 was on 6.5 % polyacrylamide gels with 20 μg of protein per lane; all other gels were 7.5 % polyacrylamide with 15 μg of protein per lane. VEGFR-1 was detected using anti-Flt-1 (1:100; #05-696, Millipore, Billerica, MA, U.S.A.) and rabbit anti-mouse HRP (horseradish peroxidase)-conjugated F(ab) 2 (1:1250; #AQ160P, Millipore). VEGFR-2 was detected on separate membranes using anti-Flk-1 (1:500; #sc-505, Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and goat anti-rabbit HRP-conjugated secondary antibody ( 1:5000). For all proteins, specific binding was detected by the enhanced chemiluminescence reagent detection system (Amersham Pharmacia). Hyperfilm was scanned using the HP Deskscan system (Hewlett-Packard) and bands were quantified using Molecular Analyst (version 1.4, Bio-Rad Laboratories).
Statistical analyses
The data were analysed by ANOVA or Student's t test where appropriate. Results were considered significant at P < 0.05.
RESULTS
Previous immunocytochemistry studies demonstrated that both VEGFR-1 and VEGFR-2 are expressed by UAECs, and VEGF can stimulate eNOS activation, ERK phosphorylation, and mitogenesis [16, 18] . Western blot analysis shown in the present study further demonstrates that both VEGFR-1 and VEGFR-2 are expressed in equal amounts in NP (non-pregnant)-and P (pregnant)-UAECs ( Figure 1 ). The ∼ 250 kDa bands detected here are similar to that reported previously for VEGFR-1 [22] and VEGFR-2 [23] . In studies of human placenta and ovine placental endothelial cells and tissues, the neuropilin-1 receptor was also identified by Western blot analysis [24, 25] , but use of the same antisera on UAECs did not detect a similar protein (results not shown).
Although there are several VEGF family peptides, we have previously only used the VEGF 165 form, the predominant form expressed in ovine placenta [26] , which activates both VEGFR-1 and VEGFR-2. Another agonist of interest is PlGF-1, because it is capable of activating VEGFR-1, but not VEGFR-2 (see [27] ). Using VEGF 165 , we were able to extend our previous observations to show a time-dependent and pregnancy-enhanced activation of eNOS in UAECs (Figure 2A ). In addition, whereas both NP-and P-UAECs show dose-dependent activation of eNOS by VEGF 165 , notably PlGF-1 was unable to reproduce this response in NP-UAECs and only stimulated a modest response starting at 10 ng/ml in P-UAECs ( Figure 2B ). The implication that VEGFR-2 predominantly mediates VEGF 165 activation of eNOS is strengthened by the finding that the inhibitor of VEGFR-2 kinase was able to block the response with precisely the expected dose-dependency to near basal levels in P-UAECs ( Figure 2C ). Of interest, the inhibitor completely blocked eNOS activation in NP-UAEC, but with altered dose-dependency (IC 50 = 0.09 and 0.7 μM for P-and NP-UAECs respectively).
We have previously described, in the UAEC model, the activation of ERK-1/2 kinase signalling in response to ATP and VEGF, and furthermore that eNOS is phosphorylated at multiple sites in response to ATP in a manner further enhanced by pregnancy [15, 28] . Similar to ATP, VEGF 165 is capable of stimulating a time-and dose-dependent phosphorylation of ERK-1 and ERK-2 in a manner consistent with eNOS activation ( Figures 3A and 3B ). Of note, however, a causal link between ERK-1/2 phosphorylation and eNOS activation is immediately challenged by the finding that the VEGFR-2 inhibitor, which blocks eNOS activation ( Figure 2C ), does not block ERK-1/2 phosphorylation in NP-or P-UAECs when used over the same dose range (see Supplementary Figure S1 , at http://www.BiochemJ.org/bj/417/bj4170501add.htm). Furthermore, although the MEK inhibitor U0126 can dose-dependently block the activation of ERK-1/2 ( Figure 4A ), it is not an inhibitor of VEGF-stimulated eNOS activation ( Figure 4B ), and indeed to some degree mildly enhances the response, as was previously observed for ATP [15] . To examine the possible direct coupling of VEGFR-2 and VEGFR-1 to both eNOS activation and the MEK/ERK-1/2 pathway, we further examined the effects of VEGF-E and PlGF-1. VEGF-E, an isoform that selectively activates VEGFR-2 [29, 30] , was capable of ERK-1/2 activation with expected dose-dependency [29] [30] [31] and with greater effect in P-compared with NP-UAECs ( Figure 5A ). The magnitude of ERK-1/2 activation achieved at 100 ng/ml equivalents of VEGF-E was equal to that for VEGF 165 at 10 ng/ml. In contrast, PlGF alone achieved no activation of ERK-1/2 and, combined with VEGF-E at 10 ng/ml equivalents, showed no synergy over that achieved by 10 ng/ml equivalent VEGF-E alone.
Regarding eNOS activation (
Figure 5B), VEGF-E activated eNOS in both NP-and P-UAECs at a magnitude of 100 ng/ml equivalents that was comparable with VEGF 165 at 10 ng/ml. In contrast, PlGF alone did not stimulate a significant rise in eNOS activity in NP-UAECs, but gave rise to a small response in P-UAEC. The combination of VEGF-E and PlGF as above showed a small, but significant, increase in P-UAECs alone above that by PlGF alone, which was not significantly different from VEGF-E alone at the same dose. A comparison of the dose-dependency of VEGF-E on ERK-1/2 and eNOS activation showed some discrepancy, which again suggests that ERK-1/2 activation is not the basis for eNOS activation and further that, although both responses may be VEGFR-2 mediated, the VEGFR-2 signalling events are not the same in each case.
Another pathway often implicated in eNOS activation in a number of endothelial cell studies is the PI3K (phosphoinositide 3-kinase)/Akt pathway. We have previously shown that ATP does not couple to this pathway in UAECs [15, 17] and that the PI3K inhibitor LY294002 does not block ATP-stimulated activation of eNOS [15] . In the present paper we also report that VEGF 165 has no time-or dose-dependent effect on phosphorylation of Akt (see Supplementary Figure S2 , at http://www.BiochemJ. org/bj/417/bj4170501add.htm), and this pathway is unaffected by the VEGFR-2 kinase inhibitor (results not shown). Although LY294002 was able to reduce the level of phosphorylated Akt below basal levels (see Supplementary Figure S3A , at http://www.BiochemJ.org/bj/417/bj4170501add.htm), the effect of LY294002 on eNOS activity was slight and only achieved significance at 1 and 10 μM LY294002 in NP-and P-UAECs respectively (see Supplementary Figure S3B ). This small degree of inhibition was, however, not nearly as effective as the VEGFR-2 kinase inhibitor ( Figure 2C ).
Although it is clear that Akt does not play a major role in the activation of eNOS by VEGF or ATP, the question of a possible role for PI3K remains. LY294002 has been shown both in the present study and previously to be at best a modest inhibitor of eNOS activation in UAECs, but another reported PI3K inhibitor, wortmannin, has been shown to be an effective inhibitor of ATPstimulated eNOS activation in both NP-and P-UAECs [15] . The effect of wortmannin on Akt phosphorylation ( Figure 6A ) was similar in magnitude to that of LY294002 (Supplementary Figure  S3A) , but challenge of VEGF 165 -stimulated eNOS activation with wortmannin resulted in significant inhibition in both NP-and P-UAECs ( Figure 6B ). Once again there was a slight difference in the dose-dependency between NP-and P-UEACs, but effective inhibition was seen in both cases. To establish whether this relates to altered eNOS protein phosphorylation, we first examined VEGF 165 and Ser 1179 were higher in P-UAECs [15] , no significant difference was observed between NP-and P-UAECs in response to VEGF 165 . When the challenge with VEGF 165 was then repeated with wortmannin, phosphorylation at Ser 1179 in P-UAECs was reduced at 10 μM wortmannin, and phosphorylation at Ser 617 was reduced up to 50 % in a dose-dependent manner ( Figure 7) . In NP-UAECs, significant inhibition of phosphorylation was also observed at both Ser 1179 and Ser 617 to 50 % of control. Nonetheless, it should be noted that the effect of VEGF alone on eNOS phosphorylation is at best modest, and the effect of wortmannin co-treatment on phosphorylation levels in the presence of VEGF was similar to the effect of the same dose of wortmannin alone (results not shown). Thus an apparent inhibitory effect of even 50 % magnitude, although significant, may be of little physiological relevance.
DISCUSSION
From a pregnancy-specific standpoint, VEGF is known to be a product of both the uterus [32] and the placenta [24] and is critical for uteroplacental angiogenesis [2] . VEGF 165 production in particular is also known to increase during critical periods of pregnancy in humans and sheep [33, 34] . VEGF 165 gene expression in the placenta may in part be driven by local hypoxia [7] . Of interest, pregnancy is also associated with higher levels of oestrogen [35] , which may also regulate expression of VEGFR isoforms in uterine tissues including vascular endothelium [36] and may act on UAECs to stimulate VEGF production and capillary tube-like formation (R. R. Magness, unpublished work). Thus VEGF may act both alone and as a partial mediator of oestrogen action to control blood flow through the uteroplacental unit. The need for a greater understanding of the role of VEGF in control of vascular function in normal pregnancy and diseases of pregnancy is clear, yet reports of alterations in levels or isoforms of VEGF, PlGF-1 or sFlt-1 in pre-eclamptic pregnancy show major quantitative differences which may be due to methodologic considerations [9] . Bearing that in mind, studies such as those of Polliotti et al. [37] and Levine et al. [8] have attempted to confirm that circulating VEGF peptide family member levels are altered in pregnancy, or that isoforms of VEGF or PlGF-1 are altered in pre-eclamptic pregnancy. Nonetheless, it is absolutely clear that the hypoxia common to many pregnancy-related disorders (including preeclampsia and intrauterine growth retardation) leads to an increase in placental production of VEGF family peptides and probably sFlt-1 [7, 38] . Thus, although methodologic difficulties and interaction with sFlt-1 continue to make it difficult to reliably determine whether the levels of bioactive VEGF family proteins actually rise in the circulation, local levels of these peptide hormones are elevated at the uteroplacental interface and, more importantly, are altered compared with each other. The increases in sFlt-1 may also alter relative VEGFR subtype expression in endothelium, changing the relative level of VEGFR-2 to VEGFR-1 and/or neuropilin-1 [10, 11] . Either way, such studies suggest normal cell function requires a balance of VEGF family peptides compared with VEGFR proteins which, if disturbed, will probably lead to inappropriate signalling inside the cell and altered physiological control. Despite the ongoing debate on the possible changing levels of VEGF family peptides, a fundamental understanding of the positive against the negative effects of VEGF and its associated receptors in the uterine circulation requires us to first know what the 'normal' response to VEGF is and how pregnancy normally augments that response at the receptor and post-receptor level. . NP-and P-UAECs were treated with 10 ng/ml VEGF 165 for the times given, and phospho-specific Western blot analysis of ERK-1/2 was performed (P-Erk, phosphorylated ERK); representative blots of VEGF-stimulated samples are shown (no difference in same-time controls was determined; blots not shown). Results were normalized to total Akt (T-Akt) protein and expressed as the fold change over same-time unstimulated control. Values shown are means + − S.E.M. of four independent experiments (*P < 0.05 compared with 0 control). (B) Dose-dependent response of ERK-1/2 phosphorylation (P-Erk) to VEGF stimulation. NP-and P-UAECs were treated for 10 min with VEGF 165 at doses indicated and phospho-specific Western blot analysis of ERK-1/2 was performed; representative blots are shown. Results were normalized to total Akt (T-Akt) protein and expressed as the fold change over unstimulated control. Values shown are means + − S.E.M. of four to six independent experiments (*P < 0.05 compared with control; #P < 0.05 compared with the same P-UAEC response).
Figure 4 Effect of U0126 on VEGF 165 responses in UAEC
(A) Dose-dependent response of VEGF 165 -stimulated ERK-1/2 phosphorylation to U0126. P-UAECs were treated with U0126 at doses given for 20 min followed by VEGF 165 treatment (10 ng/ml) for 10 min, and phospho-specific Western blot analysis of ERK-1/2 (P-Erk, phosphorylated ERK) was performed; representative blots are shown. Results were normalized to total Akt (T-Akt) protein and expressed as a percentage of the VEGF response without inhibitor. Values shown are means + − S.E.M. for four independent experiments (*P < 0.05 compared with VEGF control without inhibitor). (B) Effect of U0126 on VEGF 165 -stimulated eNOS activation. NP-and P-UAECs were pretreated with U0126 (10 μM) for 20 min followed by VEGF 165 treatment (10 ng/ml) for 10 min. Results are expressed as a percentage of the VEGF response without inhibitor. Values shown are means + − S.E.M. for four independent experiments (*P < 0.05 compared with VEGF control without inhibitor).
It is therefore vital that we clarify the specific points of cell signalling that discriminate eNOS activation at the level of uterine artery endothelium itself and understand how it is potentiated in pregnancy. The UAEC model gives us that opportunity.
In several previous studies we have shown that one important mechanism by which the uterine artery acquires altered function is through the reprogramming of cell signalling at the level of the endothelium in order to achieve a potentiated vasodilator response to a number of different agonists. Of note, responses to several G-protein-coupled receptors and growth factor receptors in UAECs are altered [16] [17] [18] , suggesting changes have occurred at the post-receptor level. Responses to ATP are perhaps the best characterized in UAECs to date. We have previously shown that responses to ATP appear to couple to eNOS activation in a manner predominantly mediated by a P2Y 2 receptor mediated Ca 2+ -sensitive mechanism [16] [17] [18] [19] [20] and to a lesser extent by a Ca 2+ -independent, wortmannin-sensitive but LY294002-insensitive mechanism [15] . ATP can also stimulate the MEK/ERK-1/2 pathway in a manner potentiated by pregnancy, but this is not necessary for eNOS activation and may even exert a mildly inhibitory influence [15] , perhaps through direct phosphorylation of an ERK consensus sequence on eNOS at position Thr 97 [39] . Another surprise, and a unique feature of UAECs compared with other endothelial models [10, [12] [13] [14] , is that Akt is not a mediator of eNOS activation. Even expression of constitutively active Akt failed to stimulate eNOS activity in UAECs and did not overcome the inhibitory effect of wortmannin, either alone or in the presence of ATP [15] .
Our studies in the present paper focused upon VEGF action and extend our previous finding that VEGFR-1 and VEGFR-2 are both expressed in UAECs, and further determine that the neuropilin-1 receptor is undetectable in UAECs. Furthermore, UAECs derived from pregnant ewes do not show altered levels of VEGFR-1 and VEGFR-2 receptor protein expression compared with those from non-pregnant ewes. Given also that UAECs from non-pregnant and pregnant ewes utilized in these studies at passage 4 have similar levels of eNOS protein [16] , we must conclude that enhanced cell responses in P-UAECs in response to VEGF 165 compared with NP-UAECs are due to altered post-receptor signalling rather than receptor levels, and that at least some of the signalling pathways that are enhanced in P-UAECs are similar to those enhanced in response to ATP [15] . Comparing the effects of VEGF 165 with that of VEGFR-1-selective PlGF-1 clearly show that PlGF can elicit a small eNOS activation in P-UAECs alone, but VEGF 165 is by far the most effective activator of eNOS in NP-and P-UAECs. This, combined with the inhibitory action of the VEGFR-2 kinase inhibitor on eNOS activity in both NP-and P-UAEC, suggests that VEGFR-2 has a predominant role in the eNOS activation process in response to VEGF 165 . Further examination of the effects of the VEGFR-2-selective isoform VEGF-E confirms that activation of VEGFR-2 alone is capable of leading to eNOS activation; and the lack of synergy with the combination of a submaximal dose of VEGF-E with PlGF suggests co-activation of VEGFR-1 is not necessary for the maximal response to the VEGFR-2 selective agonist. Nonetheless, VEGF 165 is not VEGFR-2 selective in vivo, and our other results suggests that a role for VEGFR-1 in response to VEGF 165 cannot be ignored. The fact we did see some small degree of eNOS activation in response to PlGF in PUAECs confirms that PlGF does activate the VEGFR-1 receptor and can contribute to eNOS activation, and the fact this is not seen in NP-UAECs confirms VEGFR-1 function/coupling may change in pregnancy. Indeed, other subtle differences in the dosedependency of inhibition of VEGF 165 -stimulated activation by the kinase inhibitor allude to a subtle change between the nonpregnant and pregnant state. This dose-dependency of the inhibitor in the P-UAECs is consistent with the literature for this compound, whereas that in NP-UAECs is somewhat shifted to the right. It is interesting to note that, at doses of VEGFR inhibitor of 0.1 μM and greater, the response of P-UAECs, expressed as the fold change over control, was similar to NP-UAECs. A change in VEGFR-2 receptor dimerization or interaction with other proteins including VEGFR-1 is a possible explanation for this response difference that will require further study.
Figure 5 Dose-dependent effects of VEGF-E in UAEC
NP-and P-UAECs were treated for 10 min with VEGF-E at the doses indicated as well as with 10 ng/ml VEGF 165 , 10 ng/ml PlGF, or 10 ng/ml VEGF-E with 10 ng/ml PlGF (E + PlGF; for VEGF-E and PlGF, ng/ml equivalents were used). Values shown are means + − S.E.M. of four to six independent experiments (*P < 0.05 compared with control; #P < 0.05 compared with same NP-UAEC response; ‡P < 0.05 for E + PlGF compared with PlGF alone). (A) Dose-dependent response of ERK-1/2 phosphorylation (P-Erk 1/2) to VEGF-E stimulation. Phospho-specific Western blot analysis of ERK-1/2 was performed, and representative blots are shown. Results were normalized to total Hsp90 protein and expressed as the fold change over unstimulated control. (B) Dose-dependent response of eNOS activation to VEGF-E stimulation. Results are expressed as the fold change over unstimulated control.
It is clear from studies of other endothelial cell models that VEGFR-2 is capable of coupling to the MEK/ERK-1/2 pathway [27] which, given our implication of VEGFR-2 in eNOS activation in UAECs, begs the question of whether ERK-1/2 activation mediates eNOS activation in UAECs. Although the ability of both VEGF 165 and VEGF-E (but not PlGF) to robustly activate both eNOS and ERK-1/2 in NP-and P-UAECs may imply that activation of eNOS by VEGF 165 requires the ERK-1/2 pathway, further studies clearly refute that. Although the VEGFR-2 kinase inhibitor blocks eNOS activation by VEGF 165 in both NP-and P-UAECs, it has no effect on ERK-1/2 in either NP-or PUAECs. In addition, the agent U0126, which blocks ERK-1/2 phosphorylation, fails to inhibit eNOS activation and indeed mildly potentiates it to similar levels in both NP-and P-UAECs. Combined, these data suggest that, although ERK-1/2 and eNOS activation are mediated by the same receptor, the VEGFR-2 signalling events leading to ERK-1/2 activation and to eNOS activation are distinct. While the exact nature of these distinct receptor-mediated events requires further study, it is clear that activation of ERK-1/2 by VEGFR-2 is not sufficient to explain activation of eNOS, so further signalling pathways responsible for eNOS activation need to be considered, along with their potential activation in pregnancy. Interestingly, studies using sitedirected mutagenesis of VEGFR-2 have already suggested the autophosphorylation site Tyr 801 is necessary for eNOS activation in bovine aortic endothelial cells [14] , yet it is not the same as the autophosphorylation sites commonly associated with ERK-1/2 activation or indeed PLC-γ recruitment [40] . Such studies would have predicted, since both sites are autophosphorylation sites on VEGFR-2, that we should have seen equal inhibition of eNOS and ERK-1/2 responses by the VEGFR-2 kinase inhibitor. Certainly the dose-dependency for the inhibition of eNOS in P-UAECs was exactly as expected and in NP-UAECs was only slightly shifted, so it is reasonable to assume the compound was indeed inhibiting autophosphorylation of VEGFR-2. The fact we did not see similar inhibition of VEGFR-2-mediated ERK-1/2 activation suggests that, although ERK-1/2 activation is coupled to VEGR-2, it may not be through the 'traditional' recruitment of PLC-γ and/or other adaptor proteins. Clearly such possibilities warrant further consideration in this most unusual cell model.
Other studies [13] have suggested that VEGFR-1 couples to eNOS activation in HUVECs via the PI3K/Akt pathway, yet our studies in the present paper suggest no such coupling of the VEGF 165 response to the Akt pathway in UAECs, and this is consistent with our former report for no clear role for Akt in response to ATP [15] .We also see no clear requirement for Ser 1179 phosphorylation in the activation of eNOS in response to VEGF, again consistent with the response to ATP [15] ; the lack of these responses reinforce the uniqueness of the UAEC model. The PI3K inhibitor LY294002 is ineffective in substantially blocking eNOS activation in response to VEGF, and we confirmed that the inhibitor did indeed lower basal phosphorylated Akt levels in the cell, with no parallel effect seen on the ERK-1/2 pathway until used at much higher doses (ERK-1 inhibited at a less specific dose of 100 μM; results not shown). The intriguing finding, as previously observed for responses to ATP [15] , was that another widely used PI3K inhibitor, wortmannin, was an effective inhibitor of eNOS activation and actually could fully inhibit the response to VEGF 165 in both NP-and P-UAECs. A discrepancy in action between LY294002 and wortmannin on various cell responses has previously been reported in many other cell systems [41] [42] [43] [44] . The extent of inhibition by wortmannin in UAECs was greater for the response to VEGF 165 than was seen previously for ATP. The question that immediately arises is, what is the true target for wortmannin? Clearly it is not acting by preventing Akt phosphorylation and associated activation. Also, wortmannin did not affect VEGF-stimulated ERK-1/2 activity (results not shown). Although both wortmannin and LY294002 are both known reported inhibitors of PI3K, we must ask if this kinase is the real target in UAECs. In view of the dose-dependency of the wortmannin effects observed, an unidentified target of wortmannin is possible, as wortmannin has been reported to alter several pathways that are PI3K-independent [42, 43, 45, 46] . Alternatively, since the known mechanisms of action of these two drugs to inhibit PI3K are different, it also follows that an alternate, wortmannin-sensitive, LY294002-insensitive isoform of PI3K may be involved in eNOS activation and may mediate this effect independently of the Akt pathway. Indeed, the class II PI3Kβ isoform, which demonstrates sensitivity to wortmannin and resistance to LY294002 [47, 48] , is a downstream target of activated growth factor receptors [49] . Our results suggest, whatever the target, it is clearly important in UAECs to eNOS activation and its function may be considerably enhanced by pregnancy. It is interesting to note that the autophosphorylated residue Tyr 801 on VEGFR-2 mentioned above is necessary for eNOS activation in bovine aortic endothelial cells and has been reported to signal through the PI3K pathway independently of PLCγ [14] . Further studies will be necessary to determine whether this residue is in fact playing a pregnancy-enhanced role in UAECs to directly or indirectly recruit specific wortmanninsensitive isoforms of the PI3K family that signal independently of Akt.
A final ongoing question in the area of regulation of eNOS activity in general and pregnancy enhancement of this response , and these events are further enhanced in P-UAECs [15, 28] . In contrast, phosphorylation of position Thr 497 is largely unaffected by ATP and not enhanced in P-UAECs. We have also found in UAECs, as well as in the ovine eNOS cDNA as studied by site-directed mutagenesis, that there is no clear relationship between any one or any pair of sites and eNOS activation [15, 28] . It is possible, and even highly likely, that the influence of such sites on activity is simply indirect through altering the surface charge in general, or by targeting the protein to different locations and/or co-activators and so making activation possible. In the case of ATP stimulation, this lack of a key role for phosphorylation is understandable in view of the additional substantial and pregnancy-enhanced elevation of intracellular Ca 2+ , which is another known activator of eNOS [15, [17] [18] [19] [20] . However, VEGF does not bring about such a generalized and substantial elevation of Ca 2+ [16 -18] and, consistent with this, wortmannin is able to only partially inhibit the eNOS activation response to ATP, but more completely inhibits the response to VEGF. In view of the potential differences, we have examined the effects of VEGF on eNOS phosphorylation. While PlGF has no effect on phosphorylation of these sites, we find that time-dependent changes in phosphorylation of Ser 1179 , Ser 617 and Ser 635 are indeed observed. Nonetheless, there is not so clear a difference between the effects of VEGF 165 on eNOS phosphorylation in NP-compared with P-UAECs in contrast with that previously observed in response to ATP [15, 28] . Most interesting of all, however, is the finding that wortmannin, which so effectively inhibits VEGF-stimulated eNOS activity in a dose-dependent manner, only shows comparable dosedependent inhibition of the Ser 617 site in P-UAECs. A causal link between phosphorylation and activity is therefore possible, but is not clearly established and will require further confirmation.
In summary, we have investigated in detail the potential role for VEGFR-1 and VEGFR-2 in mediating activation of eNOS in UAECs and its enhancement by pregnancy. The relative weakness of PlGF-1 in eliciting an eNOS response in P-UAECs, combined with the effectiveness of the VEGFR-2 kinase inhibitor to block VEGF 165 -stimulated eNOS activation in both NP-and P-UAECs, suggests any positive effect of VEGF 165 on activation is largely mediated via the VEGFR-2 subclass, which is further confirmed by the stimulatory effect of VEGF-E. While VEGFR-2 may play the dominant role in eNOS activation, a less critical modulatory role of VEGFR-1 may occur in pregnancy and certainly cannot be ruled out by the current studies. There is no evidence that VEGF 165 couples to Akt phosphorylation as a means of controlling eNOS activity, and this is consistent with a lack of any strong evidence for activation via robust phosphorylation at position Ser 1179 in NP-or P-UAECs. Although VEGFR-2 appears to couple to the MEK/ERK-1/2 signalling pathway, MEK/ERK-1/2 is not the mediator of eNOS activation, and the independent mechanism by which VEGFR-2 activates the MEK/ERK-1/2 pathway requires further study. Our findings that VEGF 165 activation of eNOS can also be completely inhibited by wortmannin, but not LY294002, implies that a downstream kinase, possibly a wortmanninselective PI3K, is acting between the VEGFR-2 kinase and eNOS itself, but functions independently of Akt. A link between eNOS activation and eNOS phosphorylation at position 617 is possible, but by no means proven.
In conclusion, we have now substantially clarified the nature of the VEGF receptors that are present in UAECs and how they couple VEGF 165 stimulation to eNOS activation. Clearly both VEGFR-1 and VEGFR-2 are present, yet VEGFR-2 plays the major role in activation of eNOS in a manner that is distinct from activation of ERK-1/2. While the involvement of VEGFR-2 in eNOS activation is not unique to UAEC, the possible pregnancy-induced role of VEGFR-1 in modulating VEGFR-2 action, and the distinctly different signalling events that mediate eNOS activation in UAECs, continue to contrast the findings of studies in other endothelial cell models. Furthermore, our findings for VEGF stimulation of eNOS activity agree with our own recent reports for ATP stimulation, that eNOS activation is not mediated solely through the phosphorylation of a single or pair of eNOS phosphorylation sites [15, 28] . While the former response to ATP may be in large part due to P2Y 2 receptor-mediated Ca 2+ mobilization secondary to activation of PLC-β3, this is certainly not the case for responses to VEGF acting through its distinctly different class of receptors. In addition, the effects of wortmannin compared with LY294002 on responses to VEGF and ATP suggest an as yet unknown regulatory mechanism plays a major role in controlling eNOS, and changes in this signalling pathway may be the basis of pregnancy-enhanced eNOS activation in UAEC. An understanding of this mechanism may well provide an ability to restore normal vascular function necessary for optimal fetal growth and development that is otherwise impaired in conditions such as pre-eclampsia. Knowledge of such a mechanism may also have direct relevance to the broader area of vascular function and provide novel therapeutic targets to resist the effects of aging on cardiovascular function in both men and women. 
